Although the mutated protein causing Huntington's disease (HD) is expressed throughout the body, the major pathology of HD is localized to the striatum of the brain. We previously reported that the striatal-enriched protein Rhes binds the mutated huntingtin protein and enhances its cytotoxicity. We now demonstrate that Rhes-deleted mice are dramatically protected from neurotoxicity and motor dysfunction in a striatal-specific model of HD elicited by 3-nitropropionic acid. This finding suggests that Rhes may, in part, determine the striatal selectivity of HD.
Introduction
Huntington's disease (HD) is an autosomal dominant neurodegenerative disease manifested by highly selective destruction of the brain's corpus striatum (Ross and Tabrizi, 2011) . Surprisingly, the gene mutated in HD encodes a protein (Htt) uniformly expressed throughout the brain and body. Rhes, or Ras homolog enriched in striatum, is a unique small G-protein that displays striking enrichment in the striatum and can regulate signaling through G-protein-coupled receptors (Falk et al., 1999; Vargiu et al., 2004; Mealer and Snyder, 2012) . We recently reported that Rhes binds physiologically to Htt and with markedly greater avidity to mutant Htt (mHtt) (Subramaniam et al., 2009 ). This binding of Rhes markedly augments mHtt cytotoxicity, a finding recently confirmed in a primary striatal neuron model of HD (Seredenina et al., 2011) . Many post-translational modifications of mHtt have been identified (Ehrnhoefer et al., 2011) . One of these, sumoylation, decreases aggregation to promote toxicity (Steffan et al., 2004) . Rhes enhances sumoylation of mHtt in cell lines to account for the stimulation of cytotoxicity (Subramaniam et al., 2009 ). These observations imply that Rhes is responsible for the selective striatal damage and associated neurobehavioral abnormalities of HD, and that drugs inhibiting Rhes or blocking Rhes-mHtt binding may delay/ prevent onset of HD.
We tested this hypothesis using Rhes-deleted mice in a rapid and striatal-selective model of HD. Genetic mouse models of HD often employ very large polyglutamine repeats, producing global brain dysfunction resembling juvenile HD to a greater extent than the striatal-specific and more common adult-onset HD (Crook and Housman, 2011) . By contrast, systemic treatment with 3-nitropropionic acid (3-NP), a mitochondrial complex II inhibitor, produces a striatal-specific lesion and attendant movement disorder resembling HD (Beal et al., 1993) . The lesion caused by 3-NP is characterized by extensive loss of striatal medium spiny neurons, while sparing striatal nNOS (NADPHdiaphorase) interneurons as well as neurons in the other brain regions, a hallmark of human HD. However, the precise mechanisms accounting for the selective toxicity of 3-NP remain a mystery (Brouillet et al., 2005) . We report that Rhes deletion profoundly diminishes striatal destruction and associated motor defects caused by 3-NP, suggesting that Rhes is responsible for the striatal susceptibility to both 3-NP and HD.
Materials and Methods
Rhes-knockout mice. Rhes-knockout mice were generated as described previously (Spano et al., 2004) . All experiments were performed in accordance with the guidelines established by the Animal Care and Use Committee at Johns Hopkins University School of Medicine under protocol no. MO10M17. Wild-type (WT) and Rhes-deleted (knockout, KO) mice were genotyped by Transnetyx. All mice used in this study were males between 12-16 weeks of age and were from lines previously backcrossed to C57/BL6 mice (The Jackson Laboratory).
3-Nitropropionic acid. 3-Nitropropionic acid injections were based on protocols previously reported for mice (Blum et al., 2003) . In brief, 3-NP (Sigma) was dissolved to 10 mg/ml in sterile 0.1 M PBS and adjusted to pH 7.4 with sodium hydroxide. For lesion studies and behavioral analysis, mice received intraperitoneal (IP) injections of 60 mg/kg 3-NP twice a day, with 2 h between injections for 3 consecutive days. For the survival study, mice received a single IP injection of 3-NP starting at 30 mg/kg, increased daily by 15%. The experimenter was blinded to genotype for both injections and data analysis.
Lesion analysis. Lesion analysis was performed after 3 days of 3-NP injections. Transcardial perfusion employed 4% PFA in 0.1 M PB, pH 7.2. Brains were removed and postfixed in 4% PFA for 2 h and then incubated in 30% glycerol overnight. Five micrometer sections were taken every 50 m through the entirety of the striatum and stained using H&E. Sections were examined for pyknotic nuclei and a paucity of staining representing striatal lesions. 3-NP lesions were localized to the dorsolateral striatum, consistent with previous findings in rodents (Beal et al., 1993; Blum et al., 2003) . The lesion areas with the largest diameter were consistently centered between bregma ϩ0.4 and 0. Slides with the largest lesion diameter were scanned for quantification by the Tissue MicroArray Core facility at Johns Hopkins University, and lesion area was determined using Aperio ImageScope software.
Beam crossing. Bean crossing was measured on a 100 cm steel rod, diameter 14 mm, suspended ϳ30 cm from the bench top with a safety box at one end. For 2 days mice were habituated to the safety box for 10 min and then removed. The training protocol was 4 days: 2 days traversing half the distance of the beam (50 cm), and 2 days traversing the entirety of the beam (100 cm). Training sessions consisted of 10 min habituation in the safety box, followed immediately by 4 attempts to cross the bar, each separated by 2 min to allow the mice to rest. After training, daily performance was measured after a 10 min habituation period with 4 crossing attempts per mouse. Baseline performance was measured on day 0 before injections, and testing was performed each subsequent morning before injections for 3 days. Sessions were video taped and reviewed later for time to cross the 100 cm beam, the number of foot slips below the bar, the average distance traveled on each attempt, and the percentage of failed attempts.
Open field analysis. Open field analysis was performed using the TruScan System from Coulbourn Instruments. Data were collected each day before the 3-NP injections. Horizontal activity represents the total distance traveled in 15 min, normalized to the animal's baseline activity. Total rears represent the number of times the mouse crossed above a vertical plane during the 15 min session.
Succinate dehydrogenase activity assay. Succinate dehydrogenase (SDH) activity assay was adapted from previous reports (Brouillet et al., 1998; Blum et al., 2003) . WT and KO mice were administered a single 120 mg/kg dose of 3-NP (or an equivalent volume of PBS) and killed 6 h later. Brains were quickly removed, rinsed with cold PBS, dissected on a cold surface into various brain regions, and snap frozen with liquid nitrogen. Brains were Dounce homogenized in cold PBS, and a crude mitochondrial fraction was isolated by 2 rounds of differential centrifugation: total homogenate was spun at 1000 ϫ g for 4 min to remove nuclei and cell debris, and then the supernatant was spun at 15,000 ϫ g for 15 min. The resulting pellet containing the mitochondria was resuspended in fresh PBS, and protein concentration was quickly measured using Coomassie Plus (Bradford) Protein Assay (Thermo Scientific). Mitochondria (25 g) were incubated in 400 l PBS with 0.3 mM nitro blue tetrazolium (Sigma) and 0.05 M sodium succinate (Sigma) for 10 min at 37°C. The insoluble formazan end product was pelleted by centrifugation at 15,000 ϫ g for 2 min and resuspended by sonication in DMSO. The absorbance at 695 nm was quickly measured, and samples were compared against controls without sodium succinate as an electron acceptor, representing the nonspecific reduction of nitro blue tetrazolium by enzymes other than SDH. Statistical analysis. Statistical analysis was performed using Student's t test with results being considered significant if p Ͻ 0.05. Data are expressed as means Ϯ SEM. Sample sizes are indicated in the figure legends.
Results
We confirm previous reports that acute systemic treatment with 3-NP in wild-type mice elicits macroscopic lesions in the dorsolateral striatum (Fig. 1A) . By contrast, Rhes KO mice are almost totally protected from the striatal lesions caused by 3-NP (Fig.  1B) . Whereas 9 of 10 WT mice display large striatal lesions, 8 of 10 KO mice fail to manifest any lesion whatsoever, and the lesions present in the two mutant mice are generally much smaller than those of their WT counterparts (Fig. 1C) , p value Ͻ0.005). Microscopic analysis of the 3-NP-induced lesions demonstrates pyknotic nuclei and a paucity of neural staining in WT mice (Fig. 1D) , while KO striata display healthy nuclei and normal neural staining (Fig. 1E) .
Motoric abnormalities associated with 3-NP lesions are also markedly reduced in Rhes KO mice. Following 2 days of 3-NP, the time required to cross a 100 cm balance beam is reduced by 40% in KO mice compared to WT controls ( Fig. 2A) (WT 40.0 Ϯ 3.9 vs KO 24.5 Ϯ 4.2 s, p value Ͻ0.005). Rhes KO mice also manifest improved performance on other measures of motor function and coordination in this task, including a reduction in foot slips (Fig. 2B ) (WT 1.7 Ϯ 0.44 vs KO 0.41 Ϯ 0.02 foot slips/ trial, p value Ͻ0.005), increased distance traveled (Fig. 2C) (WT 38.4 Ϯ 11.0 vs KO 75.5 Ϯ 8.6 cm, p value Ͻ0.0005), and a decrease in failed crossings (Fig. 2D ) (WT 71.8 Ϯ 12.9% vs KO 32.5 Ϯ 11.2%, p value Ͻ0.05). Although Rhes knockout mice have been reported to have a small decrease in motor function on the rotarod test (Spano et al., 2004) , this phenotype was not reproduced in a subsequent study using mice on a C57/BL6 genetic background (Errico et al., 2008) . We failed to detect any difference from WT mice in the ability of Rhes KO mice to learn the balance beam task or in baseline performance.
Modest changes in basal locomotor activity have also been reported in Rhes KO mice, but the differences are subtle and the direction of effect differs between studies (Spano et al., 2004; Errico et al., 2008; Quintero and Spano, 2011) . To reduce variability and determine changes in locomotion caused specifically by 3-NP treatment, activity in an open field was monitored each day before 3-NP injections and normalized to each animal's baseline activity. Following 2 days of injections, WT mice display a near 75% reduction in horizontal activity, a deficit reduced by . SDH inhibition and survival following 3-NP treatment are similar for WT and Rhes KO mice. A, B, SDH activity was measured in mitochondria isolated from cortex (A) and striatum (B) of mice treated with 120 mg/kg 3-NP or PBS for 6 h; n ϭ 3 mice per group, and reactions were performed in triplicate; *p Ͻ 0.05, **p Ͻ 0.005, ***p Ͻ 0.005. C, Kaplan-Meier survival analysis of WT and Rhes KO mice treated with 3-NP starting at 30 mg/kg and increasing 15% daily until death. No significant difference was found between WTs and KOs; n ϭ 11 for WTs, n ϭ 12 for KOs. more than half in KO mice (Fig. 3A) (WT 27.1 Ϯ 9.1% vs. KO 65.1 Ϯ 9.8% baseline activity, p value Ͻ0.05). Rearing movements are also dramatically reduced in WT mice after 1 d of 3-NP treatment and further decreased on day 2, while Rhes KO mice show no significant decrease in rearing movements even after 2 days of injections (Fig. 3B ) (day 1: WT 63.7 Ϯ 11.9 vs KO 108.0 Ϯ 14.5 rears, p value Ͻ0.05; day 2 WT 28.9 Ϯ 9.65 vs KO 82.0 Ϯ 16.2 rears, p value Ͻ0.05).
Systemic 3-NP treatment inhibits succinate dehydrogenase (mitochondrial complex II, SDH) similarly in all regions of the brain, demonstrating that differences in mitochondrial inhibition cannot account for the striatal vulnerability to 3-NP (Brouillet et al., 1998) . To determine whether the dramatic protection from lesions and motor dysfunction caused by deletion of Rhes might result from changes in 3-NP efficacy, we measured the decrease of SDH activity in WT and Rhes KO mice following a single dose of 3-NP. We confirm similar diminution of SDH activity in WT and Rhes KO mice in both the cortex (Fig. 4A ) (WT 0.58 Ϯ 0.03 vs WT ϩ 3-NP 0.44 Ϯ 0.02, p value Ͻ0.005; KO 0.57 Ϯ 0.01 vs KO ϩ 3-NP 0.44 Ϯ 0.03, p value Ͻ0.0005) and striatum ( Fig. 4B ) (WT 0.50 Ϯ 0.02 vs WT ϩ 3-NP 0.37 Ϯ 0.01, p value Ͻ0.005; KO 0.48 Ϯ 0.02 vs KO ϩ 3-NP 0.39 Ϯ 0.02, p value Ͻ0.05). Thus, neither regional differences in mitochondrial inhibition nor systemic clearance of 3-NP can account for the striatal protection afforded by deletion of Rhes. Consistent with this notion, the lethality caused by high doses of 3-NP, which is due to global mitochondrial inhibition and systemic toxicity, is similar in WT and KO mice (Fig. 4C ) (mean survival WT 9.0 Ϯ 0.36 vs KO 9.6 Ϯ 0.31 days, p value ϭ 0.171).
Discussion
In this study we have found that deleting Rhes profoundly protects mice from striatal damage and motor dysfunction caused by 3-NP, a toxin that elicits selective striatal lesions resembling the disposition of those in HD. These findings support the hypothesis that Rhes determines the selective striatal vulnerability seen in HD. Accordingly, it is conceivable that drugs impairing Rhes function may delay or prevent the onset of HD. The small decrease in behavioral performance of Rhes KO mice following 3-NP treatment is likely unrelated to striatal dysfunction, instead reflecting toxicity from global mitochondrial inhibition, as the majority of KO mice have no striatal lesion whatsoever (Fig. 1C) . Succinate dehydrogenase activity is inhibited equivalently by 3-NP in both WT and Rhes KO mice, indicating that the unique striatal vulnerability to 3-NP cannot be attributed to mitochondrial inhibition, but instead more likely involves other systems linked to Rhes. It has long been appreciated that differences in SDH inhibition by 3-NP cannot account for selective striatal toxicity, as such inhibition is similar in striatum and other brain regions (Brouillet et al., 1998) . The protective effect of Rhes deletion is therefore independent of any effect on mitochondrial SDH activity.
The selective localization of 3-NP neuropathology is remarkable considering that systemically administered 3-NP is uniformly distributed throughout the brain, which parallels the paradox of the ubiquitously expressed mHtt being associated with selective striatal pathology. Nevertheless, the 3-NP model lacks the mutated form of huntingtin. It is therefore possible that Rhes binds wild-type huntingtin to mediate the cytotoxic effects of 3-NP. We have previously demonstrated that Rhes is capable of interacting with wtHtt, albeit with a lower affinity than mHtt (Subramaniam et al., 2009 ). Rhes did not enhance cytotoxicity or promote sumoylation of wtHtt in cells under basal conditions. Perhaps, following 3-NP administration, wtHtt is sumoylated in the presence of Rhes, but because measuring the sumoylation of any endogenous protein in an in vivo setting is nearly impossible, we have not evaluated such a possibility. Thus, we suggest that 3-NP might selectively damage the striatum via the association of Rhes with wild-type Htt, potentially through novel mechanisms that are independent from sumoylation but induced by 3-NP.
Lowering mHtt levels has been proposed as a therapeutic approach for HD, and recent studies in animal models have shown promising results (Sah and Aronin, 2011; Kordasiewicz et al., 2012) . As Htt occurs throughout the brain and the rest of the body, its global depletion may elicit unforeseen adverse effects. By contrast, Rhes is brain-specific and highly localized to the striatum. Accordingly, inhibitors may have a diminished propensity for causing adventitious damage, an important feature for agents that would be administered to individuals at risk for many years.
Rhes-specific drugs may also find utility in the therapy of Parkinson's Disease, as our recent study indicates that Rhes mediates the dyskinetic influences of L-DOPA acting through mammalian target of rapamycin (mTOR) (Subramaniam et al., 2011) . Rubinsztein and colleagues (Ravikumar et al., 2004) demonstrated that aggregates of mHtt sequester mTOR, leading to decreased kinase activity of mTOR and enhanced cellular autophagy. Autophagy degrades mHtt, and increasing evidence suggests that changes in autophagy may be critical in both the pathology and treatment of HD (Banerjee et al., 2010; JimenezSanchez et al., 2012) . Loading of autophagic vesicles is deficient in HD cells (Martinez-Vicente et al., 2010) , and molecules that promote autophagy are protective in multiple models of HD (Tsvetkov et al., 2010; Harris and Rubinsztein, 2012) . The huntingtin protein itself has been suggested to function in the autophagic pathway (Steffan, 2010) , and changes in huntingtin polyglutamine length affect levels of neuronal autophagy (Zheng et al., 2010) . Whether Rhes contributes to HD pathology through the regulation of mTOR or autophagy remains to be determined.
